A powerfull P. I. G. reflex arc in lithium vapour has been studied using spectrographic, mass spectrometric and probe measuring techniques. The Li-vapour has been produced in a special Li-oven; the vapour entered through a small tube directly into the hollow anode cylinder. The residual gas pressure was 10"7 mm Hg with the arc in operation, the density in the plasma column was about 1013 cm-3.
A powerfull P. I. G. reflex arc in lithium vapour has been studied using spectrographic, mass spectrometric and probe measuring techniques. The Li-vapour has been produced in a special Li-oven; the vapour entered through a small tube directly into the hollow anode cylinder. The residual gas pressure was 10"7 mm Hg with the arc in operation, the density in the plasma column was about 1013 cm-3.
The discharge showed two different modes of operation. We observed that at a fixed flow of Li-vapour the discharge can be operated in a stable state (Mode I) only below a certain limit of the applied electrical power. An increase of electrical power (or a decrease of the flow of Li-vapour) causes a strong instability (Mode I I ) .
1. M odel showed the discharge column to be very well stabilized by the confining magnetic field. Electrostatic probe measurements showed no voltage fluctuations. The electron temperature ranged from 1.8 to 8 eV, depending on the electrical power applied.
2.
Mode II showed the plasma column to become diffuse. Large voltage fluctuations of several volts in the megacycle region could be detected on the electrostatic probe. A powerfull flux of ions leaving the plasma column perpendicular to the magnetic lines of force and hitting the walls with energies up to 327 eV has been measured. These energetic ions are responsible for the strong light emission of the walls of the vacuum tube, this light intensity being much higher than the intensity of the plasma column.
The experimental results are similar to those observed by N e i d i g h , W e a v e r , N e z l i n and S o l n t s e v under different experimental conditions. A highly ionized Li-arc plasma produced in the inner part of a molecular ion injection machinelike the D.C.X.-, M.M.I.I.-or OGRA-machine -in which deuterium molecular ions are injected should offer the possibility to dissociate the D2 -ions, maintaining the back ground pressure at the same time at rather low values and thus avoiding charge exchange losses. Led by this idea a lithium arc experiment has been set up in the Oak Ridge National Laboratory *. This simple D. C. arc runs in an axial magnetic field between a cathode and an anode, the latter being fed by lithium vapour. Measurements on this arc have been published in two reports 2 > 3. For the same purpose, another discharge type, namely a hollow anode reflex arc experiment has been set up in this laboratory4' 5. Measurements made on this discharge when running in pure lithium vapour will be reported here.
Experimental
The experimental arrangement of the reflex arc is the same as described in the preceding publications4-7. Figure 1 is a schematic drawing of the apparatus, and the position of the spectrographs, the mass spectro meter and the probe used in our experiment is shown. The arrangement of the electrodes is basically the same as used in a conventional P. I. G. discharge. The main-arc discharge runs between the cylindrical hollow anode A, where the lithium vapour is introduced, and the cathode K x . The cathode K2 acts as reflector for electrons. The anode is grounded together with the whole vacuum system. The same negative potential is applied to both cathodes. The confining magnetic field is in axial direction; it is produced by two coils, C. The field strength between the two coils is half as high as in the center of the coils, (mirror ratio = 2). When the discharge is running, a plasma column of about con stant brightness extends along the axis from cathode Kx to cathode K2 . The diameter of this column is ap proximately equal to the inner diameter 2 R0 of the hollow anode, A, i. e. 2 /?0 = 3 cm. Before initiating the discharge purified lithium metal is heated in the Lioven, and the lithium vapour thus produced at tempe ratures of about 705 °C enters through a small tube into the hollow anode cylinder, the flow being 2.5-10-4 g/sec. With the discharge running, the residual gas 0 H. W . D r a w i n and M. F u m e l l i , Report EUR-CEA-FC-264, August 1964; to be published in Proc. Phys. Soc., London. 7 H. W . D r a w i n , M. F u m e l l i and G. W e s t e , Report EUR-CEA-FC, August 1964; Z. Naturforschg. 20 a. 184 [1965] .
pressure is about l-10_7mm Hg, and the Li-vapor pressure in the anode cylinder is about 5-10-3 mm Hg. Typical parameters of the discharge are: Applied voltage C/ = 400 to 800 volt; current 71 = 1.5 to 6 Amp; current 12 = 0.2 to 1.5 Amp; magnetic field strength 5^ = 2000 to 4000 G in the center of the coils.
For the spectrographic measurements a conventional H i 1 g e r medium quartz spectrograph and a R e o s c echelle spectrograph were employed, the latter having a reciprocal dispersion of 4 A/mm and an aperture ratio 8 of //5.
The position of the mass spectrometer MS is shown in Fig. 2 . The axial magnetic field Bz served for de viating the ions.
For more detailed informations the reader may be referred to the mentioned publications, especially to 5. 
Experimental Results
Two very different kinds of discharges have been observed. They may be called Mode I-arc and Mode II -arc. The Mode I-arc shows a well confined plasma column without electrostatic perturbations; in the Mode II, the plasma column becomes diffuse and shows strong electrostatic perturbations.
a) The Mode-I-Arc
This discharge showed a green colour, the dis charge column was very well stabilized by the con fining magnetic field. The visible "green" diameter of the plasma column was about 3 to 4 cm, the brightness depending on the Li-vapour pressure and the electrical current through the discharge. The arc could be operated for hours without contaminating the quartz windows with Li-metal. The electrical parameters are: U = 700 to 400 volt, /j = 1 to 3 Amp., 12 = 1 to 1.5 Amp.
Spectroscopic Measurements
A typical emission spectrum is shown in Fig. 3 *. The most intense line was in all cases the green triplet of Li+ , A = 5483 to 5486 A, having the L i+ -metastable state 23 S as lower state. The Li°-lines are all of lower intensity. Neither the hydrogen, nor the Li°-lines showed a slant line effect. The Li+ -lines seem to be inclined for radial distances r > 2 cm, but it is not possible to determine the D o p p l e r shift sufficiently accurate. Impurity lines, which are ob served, are: H° and Na° (A = 5889/96 Ä ) . (Na originates probably from small Na-traces in the Limetal, and H originates eventually from the walls, the electrodes etc. . . , since the arc has also been run in hydrogen gas).
Using the intensity ratio of the Li°-lines and assuming the B o l t z m a n n distribution between the higher excited states to be valid, one derives an electron temperature of 3000 °K. This temperature is much too low for the strong emission of the Li+ -lines. Using for the temperature determinationwith the same assumption as above -the Li+ -lines I = 5483/85 Ä and / = 4672 Ä one obtains a tem perature of nearly 40 000 °K.
The reason for this discrepancy is probably due to the fact that the neutral particles are not in equi librium with the corresponding excitation, ioniza tion, and recombination processes, since their mean free paths are so large that they can traverse the plasma column without being in an instantaneous steady-state equilibrium with the electrons. It has been shown 7 that in this case the B o l t z m a n n distribu tion among the highly excited levels is disturbed, and the S a h a equation -in general at least appli cable for the higher excited states -will not further be valid. Taking into account the influx of neutral particles into the plasma column one will obtain temperatures 10 to 50 times higher, and these values are, within a factor two or three, in agreement with those derived from mass spectrometric and probe measurements, as has been shown for helium and hydrogen
Mass Spectrometric Measurements
A small mass spectrometer as shown in Fig. 2 has been employed to derive an electron temperature from the ratio of the ion currents, /(L i2+ )//(L i+ ) , with the Li-ions being extracted from the plasma column at a radial distance of r ^ 2 cm. This kind of temperature determination is based on the coronal ionization form ula9-12:
in general valid for low density steady-state plasmas. Nr and Nr + i are the number densities of r-and (r + l)-fold ionized atoms of the same chemical species, Sr(Te) and Qr(Te) are the ionization and recombination coefficients respectively. Tc is the electron temperature. Equation (1) is independant of ne . Using the ratio of the measured ion currents, ^ / (L i2+ )//(L i+ ) , this ratio equals Nr + 1/Nr , and one is therefore able to derive Te without any assumption on ne . * Fig. 3 Although the ions will probably not be in a com plete equilibrium concerning the ionization and re combination processes Li+ ^ Li2+ , one will never theless obtain a value of the right order of magnitude for Te which will not be too far from the reality.
A typical mass spectrogramm of the Mode I-arc is shown in Fig. 5 a. If we assume that all ionisation processes Li* ^ Li2* occure directly from the Li+ -ground state, l 1 S0 , we obtain from the mass spectrometric measurements an electron temperature of 7^8 5 000 to 95 000 °K .
There is a high probability that the L i+ -metastable state, 23 S, plays an important role as intermediate stage for an ionization process of the following kind:
If we use this two-step process the temperature derived from the mass spectrometric values reduces to Te m 50 000 °K , which is not too far from the 40 000 °K obtained from the Li+ -lines.
Electrostatic Probe Measurements
A simple L a n g m u i r probe has been used, the electron temperature has been deduced in the usual way from the slope of the Log/ -AU curve. The temperatures obtained varied from 1.8 eV to about 8 eV, depending on the electrical power applied.
The electron density derived from electrostatic probe measurements was ne = 2 to 5 -1012cm-3.
No electrostatic voltage fluctuations could be measured with a probe introduced into the plasma column (Fig. 6 a) , confirming that the plasma column was well stabilized.
b) The Mode-II-Arc
This type of discharge is obtained by an increase of the electrical power, more precisely: when the power exceeds about 2.5 kW at a standard Li-flow of 2.5 • 10" 4 g/sec.
Typical electrical parameters of the mode II-arc are: U = 500 to 800 volt, I x ^ 5 to 3 Am p; / 2 = 0. The column of the discharge is gray and the intensity of light is very low. The edge of the plasma column is not well defined, the radial distribution of the light emitted from the column is rather diffuse.
We observed a high transport of matter to the walls: After about one hour of arc operation, the windows are contaminated with Li-metal. This is not the case when the arc runs in the mode I. Collector measurements showed (see above) that high energetic Li-ions are ejected from the plasma column across the magnetic field lines.
The walls of the vacuum tube show a very bright light emission of red colour, probably due to an excitation of the metal -condensed on the wallsby energetic ions.
Similar observations have been made by N e i d i g h
and W e a v e r 13 in a hydrogen discharge under different experimental conditions. Following these authors, we called our instable mode the "mode I I " . N e z l i n and S o l n t s e v 14 found also a similar mode when studying a strong plasma-electron beam inter action in hydrogen and lithium arc experiments. On the basis of the model of a strong plasma-electron beam interaction we explain the observed transition from the mode I-arc to the mode II-arc as follows: The increase of the electrical power applied causes an increase of the temperature of the cathode and subsequently an increase of the thermal emission of electrons. The instability develops when the elec tronic emission exceeds a certain critical value 15.
Spectroscopic Measurements
The principal difference between the spectra of the mode I-and the mode II-arc is shown in Fig. 4 a and 4 b. We mentioned that the Li+ -line X = 5483/85 Ä is the most intense for the mode I-arc. When the arc is running in mode II, the Li+ -lines practically dis appear, the Li°-lines become longer, and strong emis sion of the Na°-resonance line occurs. The Li°-and the Na°-lines show parctically no radial intensity distribution, whereas a radial intensity distribution of the very weak Li+ -lines is well established. The Li+ -lines on one hand and the Li°-and Na°-lines on the other obviously are emitted from different geo-14 M. V. N e z l i n and A. M. S o l n t s e v , Soviet Phys.-JETP 18. 576 [1964] .
15 M. V. N e z l i n , Soviet Phys. -JETP 14, 723 [1962] . metrical zones. From the optical spectra it was im possible to calculate reasonable electron temperatures and electron densities:
H. W. D r a w i n and M. F u m e l l i , Measurements on a Stable and Unstable Mode Observed in a Lithium Reflex Arc (S. 445).
The application of different excitation formulae led to the conclusion that free electrons could not be responsible for the observed light emission of the Li°-and Na°-lines, and that the observed lines are probably due to fast heavy particles which hit the walls and react with the Li-and Na-metal condensed there, and it is the excitation of this Li-and Na-metal which is observed 16.
The Li+ -lines emitted from the gray plasma column showed a D o p p l e r inclination caused by a rotating plasma column. From the L i+ -lines / = 5483/86 Ä we obtained rotation velocities ür((t and angular frequencies ö> = 2 ji v as shown in Fig. 7 for ßj-= 1380G. It is a remarkable feature that the angular frequency of the plasma column is constant over the whole radius. 
Electrostatic Collector Measurements
To get further evidence for the assumption that fast (heavy) particles hit the walls we made collector 16 The lithium metal used contained about \ % Na impurities.
Since the vapour pressure of Na is higher than that of Li, the Na-metal evaporates faster than the Li-metal (fractional destination). Therefore, the metal condensed on the walls is enriched with Na-metal. measurements using an experimental arrangement as shown in Fig. 8 . // positive ions of high energy are present, one should be able to measure a collector current / cou even for positive grid voltages Ugr-U \ . Neutral particles of high kinetic energy -on the other hand -should produce secondary electrons on the collector, thus giving rise to an (electron) current in the opposite direction, and further, this current should be independant of the grid voltagê grrid • The results of the measurements are shown in Fig. 9 . The minimum detectable collector current was about 5-10-9 Amp. The mode I-arc gave practically no increase of the collector current with the dis charge in operation. The mode I I-arc showed a rather high background current of 5 '1 0 " 8 Amp., probably originating from secondary electrons produced on the collector by fast neutral particles 17. Moreover, positive charged particles of kinetic energies up to 160 eV could be detected.
Due to the curvature of the lines of flight the real kinetic energy of the ions should be higher than 160 eV, since a necessary condition that (single fold) Li-ions can reach the collector is that the radius of curvature of the ions must be at least the half of the distance between the plasma column and the collector. For an applied magnetic field strength of Bz = 1380 G the energy of the Li*-ions therefore has to be higher than 167 eV. Ions with lower energies should not reach the collector. Adding the value of 167 eV to the measured maximum value of 160 eV, one can conclude that Li+ -ions with kinetic 17 The emission of photo-electrons can practically be ex cluded since the mode I-arc with its much higher light intensity gave no collector current.
collector
The observed high energetic flux of ions eventually offers the possibility of creating a plasma with a high ion-temperature, if one would be able to confine all fast particles within a diameter which is smaller than the diameter of the vacuum tube. Due to the low strength of the confining magnetic field this is not the case in our actual experimental device.
In a note recently published by A l e x e f f and The object of this paper is an experimental investigation of the electron temperature dependence of the ambipolar diffusion coefficient as well as the electron-ion recombination coefficients in the afterglow of plasmas produced in neon. By means of a microwave-cavity technique the electron density was measured as a function of time during the afterglow period of a d. c. discharge while at the same time the electron energy was increased by the power level of a microwave signal. It is found that the ambipolar diffusion coefficient Da increases with increasing electron temperature Te following the well-known relation:
while the recombination coefficient a decreases with increasing electron temperature. The depend ence of a on electron temperature is found to be: aocTe-0-4 from 900 °K to 2400 °K , while a weaker dependence in the range of a oc Te~0 25 was measured in the lower temperature region from 300 °K to 600 °K . At 300 °K the recombination coefficient in neon is found to be a = 2.0-10~7 cm3 sec-1. A ll measurements were done at electron densities of ~ 109/cc and gas pressures of 1 mm Hg (diffusion) and 20 mm Hg (recombination). 6 C . L . C h e n , C . C . L e i b y u . L . G o l d s t e i n , Phys. Rev. 121, 1391 [1961] .
